Native polyacrylamide gel electrophoresis is a powerful approach for visualizing RNA folding states and folding intermediates. Tris-borate has a highbuffering capacity and is therefore widely used in electrophoresis-based investigations of RNA structure and folding. However, the effectiveness of Tris-borate as a counterion for RNA has not been systematically investigated. In a recirculated Hepes/ KCl buffer, the catalytic core of the bI5 group I intron RNA undergoes a conformational collapse characterized by a bulk transition midpoint, or Mg 1/2 , of 3 mM, consistent with extensive independent biochemical experiments. In contrast, in Tris-borate, RNA collapse has a much smaller apparent Mg 1/2 , equal to 0.1 mM, because in this buffer the RNA undergoes a different, large amplitude, folding transition at low Mg 2+ concentrations. Analysis of structural neighbors using a short-lived, RNA-tethered, photocrosslinker indicates that the global RNA structure eventually converges in the two buffer systems, as the divalent ion concentration approaches 1 mM Mg 2+ . The weak capacity of Tris-borate to stabilize RNA folding may reflect relatively unfavorable interactions between the bulky Tris-borate ion and RNA or partial coordination of RNA functional groups by borate. Under some conditions, Tris-borate is a poor counterion for RNA and its use merits careful evaluation in RNA folding studies.
INTRODUCTION
A detailed understanding of the principles that govern RNA folding remains an important, incompletely understood problem in biology. A fundamental observation is that the architecture of both simple and multi-helix structures and of large complexly folded RNAs is strongly dependent on the Mg 2+ concentration. One powerful approach for understanding RNA folding reactions has, therefore, been to visualize the mobility of an RNA using 'native' polyacrylamide gel electrophoresis as a function of Mg 2+ concentration. Native gel approaches have been productively employed to evaluate the folding of the hammerhead ribozyme (1), the hairpin ribozyme (2,3), tRNA (4), viral RNAs, the Tetrahymena group I intron and its domains (5) (6) (7) (8) , and the catalytic core of the bI5 group I intron (9) . In many cases, conclusions drawn from native gel electrophoresis experiments have been corroborated using complementary physical methods (2, (7) (8) (9) (10) (11) .
Gel electrophoresis has many advantages for monitoring RNA folding reactions. The technology is simple and inexpensive, allows structural characterization of multiple RNAs or RNA mutants in a single experiment, and facilitates the detection of alternate conformers and folding intermediates as species with distinct electrophoretic mobilities. The buffer most widely used in gel electrophoresis experiments is Tris-borate (pH 8.5). The Tris and borate ions form a chair-like six membered ring chelate zwitterion ( Figure 1 ) (12) . The aqueous Tris-borate chelate has near-neutral charge overall (12, 13) , migrates slowly under electrophoresis, and thus has an advantageous high-buffering capacity. Because Tris-borate is such a useful electrophoresis buffer, investigators have, in some cases, chosen to perform nonelectrophoresis-based experiments in Tris-borate in order to be able to compare the latter experiments with a Tris-borate 'standard state'. Ideally, the buffer should not interact significantly with the system under study. However, there is a significant precedent that the buffer is not always a passive spectator for reactions involving nucleic acids. Buffer choice has been shown to have a significant effect on nucleic acid-protein (14) , nucleic acid-small molecule (15) and nucleic acid hybridization (16) reactions. In addition, borate ions can form direct ligand complexes with the functional groups present in nucleic acids (17, 18) .
In exploratory work designed to monitor conformational collapse of the catalytic core of the bI5 group I intron RNA, we noticed that the Mg 2+ dependence for conformational collapse was dramatically different depending on whether gel electrophoresis experiments were performed in Hepes/KCl or in Tris-borate buffers. Following up on this observation, we found that the catalytic core of the bI5 RNA is less structured at low magnesium ion concentrations in Tris-borate than in Hepes/KCl. In the Hepes/KCl buffer system, folding of the bI5 RNA is well characterized as proceeding from expanded, to near-native collapsed, to native states as the MgCl 2 concentration is increased from 0 to 40 mM (9, 11, 19, 20) . Similar states appear to form in Tris-borate with the significant difference that the denaturing character of Tris-borate causes the RNA to form an even-more-expanded state at low Mg 2+ concentrations.
MATERIALS AND METHODS

Solution and native gel conditions
Folding experiments were carried out in either Hepes/KCl [50 mM Hepes (pH 7.6) and 50 mM KCl] or Tris-borate [90 mM Tris-borate (pH 8.5) and 0.1 mM EDTA] plus MgCl 2 . Electrophoresis was performed at 35 C using 6% (29:1; acrylamide/bisacrylamide) gels with a thermostatted apparatus and efficient buffer recirculation using a peristaltic pump. RNAs were heated to 90 C and placed on ice prior to loading on the gel. Experiments in Hepes/KCl were performed with radiolabeled RNA; gel origins were labeled by brief electrophoresis of additional radiolabeled RNA prior to disassembling the gel (9) . Tris-borate experiments were visualized by ethidium bromide staining. To facilitate visual comparison with the Hepes/KCl data, black and white images of scanned Tris-borate gels were reversed using image analysis software. All RNAs were initially refolded in 50 mM Hepes, 50 mM KCl and MgCl 2 ; once subjected to electrophoresis, ion concentrations reflect those of the gel and the recirculated running buffer.
Photocrosslinking
The 5 0 -32 P-end labeled bI5core RNA with a single, sitespecific, photoactivatable arylazide at position U84 was created via a continuous semi-synthesis (11) . Crosslinkerderivatized RNA was denatured by heating to 90 C and then quickly cooled on ice prior to the addition of either Hepes/KCl (supplemented with 0.1 mM EDTA) or Trisborate buffer, and MgCl 2 . Cross-linking was induced by incubation of the RNA over a 300 nm, polystyrene filtered ultraviolet (UV) light source for 10 min (21). Cross-linking was quenched by the addition of DTT to 90 mM final concentration and the cross-linked products were visualized on denaturing 8% polyacrylamide gels (11) .
RESULTS AND DISCUSSION
The catalytic core of the bI5 group I intron as a model for folding of large RNAs
We compared the effect of buffer choice on RNA structure using the catalytic core of the bI5 group I intron (termed bI5core RNA) as a model system (Figure 2A ). The bI5core RNA is a good model for the widespread class of RNAs that require protein co-factors to assume their functional state under physiological ion conditions. The structure of this RNA varies as a function of the magnesium ion concentration. In a Hepes/KCl buffer system [50 mM Hepes (pH 7.6) and , the bI5core RNA exists in an expanded state (9) characterized by stable formation of terminal stem-loop structures and a relatively fluid core (22) . At 7 mM Mg 2+ , the bI5core RNA forms a near-native collapsed state whose overall structure lies very near to that of the native state (11, 20) . The bI5core RNA folds to the native state either upon binding by its CBP2 protein cofactor or in the presence of 20-40 mM Mg 2+ (19, 23) .
Large differences in RNA collapse profiles measured in Hepes/KCl versus Tris-borate buffers
The global structure of the bI5core RNA was initially monitored using native gel electrophoresis in the Hepes/KCl buffer, using a thermostatted electrophoresis chamber and efficient buffer recirculation (9) . RNA mobilities were compared with two kinds of markers: a double-stranded DNA (dsDNA) ladder in 100 bp increments and a 186 bp dsRNA. Consistent with prior work (9), the mobility of the bI5core RNA is similar to that of the 300 bp DNA marker in the absence of Mg 2+ (compare marker, M, and bI5core lanes in left most panel in Figure 3A ). When native gel experiments are performed at increasing Mg 2+ concentrations, the mobility of the bI5core RNA increases relative to that of the DNA and RNA markers, until plateauing by 20 mM MgCl 2 ( Figure 3A) . The measured mobility of the bI5core RNA was normalized to that of the dsRNA marker and plotted as a function of Mg 2+ concentration; the transition midpoint (Mg 1/2 ) is 3.6 mM (open circles in Figure 3C) .
Tris-borate
A similar series of experiments were performed as a function of MgCl 2 concentration, but using 90 mM Tris-borate as the electrophoresis buffer. In this buffer system, the dsDNA and RNA markers maintain the same mobility relative to each other as observed in the Hepes/KCl buffer system (compare DNA marker, M, and dsRNA lanes in Figure 3A and B) . In the absence of magnesium ion, mobility of the bI5core RNA is significantly reduced in Tris-borate relative to that observed in Hepes/KCl buffer; the bI5core RNA mobility is similar to that of the 800 bp dsDNA in Tris-borate (left-hand panel in Figure 3B ). At 3 mM MgCl 2 , the ion-dependent folding profiles converge such that the mobility of the bI5core RNA is similar to that of the dsRNA marker in both Tris-borate and Hepes/KCl (see 3 mM panels in Figure 3A and B). The mobility of the bI5core RNA increases with increasing Mg 2+ concentrations in Tris-borate and, again, plateaus by 20 mM MgCl 2 . However, when the normalized mobility is plotted as a function of Mg 2+ concentration, the apparent Mg 1/2 is 0.14 mM (closed squares in Figure 3C ), which is much lower than the folding transition measured in Hepes/KCl.
Thus, relative to the Hepes/KCl buffer, in Tris-borate the bI5core RNA is both less compact in the absence of Mg 2+ and undergoes either an alternate or new conformational change at sub-millimolar Mg 2+ concentrations ( Figure 3C ).
bI5core RNA structural neighbors in Hepes/KCl and Tris-borate buffers
We evaluated whether the structure of the bI5core RNA is globally or locally compromised in the Tris-borate buffer using site-specific photocrosslinking. The bI5core RNA was selectively derivatized at the ribose 2 0 -position at nucleotide U84 ( Figure 2B ) with a 3-hydroxyphenyl azide group (Figure 2A) (11) . Upon photoactivation, the arylazide undergoes ring expansion to form a ketenimine or keteniminederived reactant (21) . The lifetime of the reactive species is 100 ms ( Figure 2B ) and significantly shorter than known RNA folding events (21) . The short-lived photoactivated intermediate will thus either form a covalent adduct with a proximal structural neighbor in the RNA or decay by reaction with nucleophilic components of the buffer.
UV radiation of the bI5core RNA, carrying the photocrosslinker at position 84, produces five distinct cross-links (indicated with letters A-E in Figure 4A ). These cross-linked species have been previously shown to reflect unimolecular, arylazide-dependent events (21) . These cross-links were mapped as stops onto primer extension (11) and are shown superimposed on the bI5core secondary structure in Figure 2A .
Cross-links A, B and C lie close to position 84 in context of the correct bI5core RNA tertiary structure and report structural neighbors that occur selectively in the collapsed and native states (11) . In Hepes/KCl, cross-links A, B and C have transition midpoints of 1.2, 1.1 and 1.1, respectively (open circles in Figure 4C ). Cross-link D reports the structure of an alternate folding of the P7.1 helix [ Figure 2A and (11)]. This cross-link is not significantly populated at low-MgCl 2 concentrations, increases in intensity through 1 mM, and then decreases upon folding to the native state (at 20-40 mM MgCl 2 ) ( Figure 4A ). The fifth cross-link, E, reflects a structural neighbor that occurs only under Mg 2+ conditions that favor the expanded state and disappears with a Mg 1/2 of 1.2 mM (see open circles in cross-link E panel in Figure 4C ). These experiments emphasize that significant near-native structure forms in the bI5core RNA with Mg 1/2 s of 1 mM ( Figure 4A ). Formation of native structures reported by cross-links A, B and C reflect these individual local interactions. The folding transition monitored by native gel electrophoresis has a slightly higher Mg 1/2 and reports a global, averaged, collapse of the RNA. Other interactions that contribute to global collapse do form with Mg 1/2 s of 3 mM [see figure 5D in (11)].
When the photocrosslinking experiments were repeated in Tris-borate, the Mg 2+ -dependent behavior of the three crosslinks, A, B and C, that report native interactions, is essentially indistinguishable from that in Hepes/KCl ( Figure 4B ; compare open circles and closed squares in Figure 4C ). The RNA thus appears folded to the same intermediate collapsed and final native state structures under both buffer conditions. Similarly, the transient cross-link, D, is essentially identical in these buffers.
In strong contrast, the behavior of cross-link E differs in the two buffer systems. Cross-link E reports a non-native interaction between helices P3 and P6 (Figure 2A ). With increasing MgCl 2 concentrations, this non-native interaction is replaced by the native interaction reported by cross-link C [ Figure 2A ; see figure 7D in (11)]. In Hepes/KCl, cross-link E decreases monotonically suggesting that the interaction becomes gradually disfavored with increasing MgCl 2 concentrations ( Figure 4A ). In contrast, in Tris-borate, cross-link E is almost undetectable in the absence of magnesium ion, but then grows in intensity until, at 1 mM Mg 2+ , it has the same intensity as in the Hepes/KCl buffer system ( Figure 4B ; see closed squares in the cross-link E panel of Figure 4C ). The intermediate reported by cross-link E then decreases in intensity in parallel under both buffer systems (Figure 4) .
Thus, in Tris-borate, the structural neighbor reported by cross-link E is selectively destabilized, but not in a way that eliminates formation of this non-native intermediate at higher Mg 2+ concentrations. Instead, this interaction becomes populated to the same extent as in the Hepes/KCl buffer system (1.6 and 1.9% of total cross-link intensity, respectively) at 1.0 mM MgCl 2 (see cross-link E panel in Figure 4C ). With increasing Mg 2+ , loss of the structure reported by cross-link E is indistinguishable in both buffer systems. Therefore, the structure of bI5core RNA is altered in a local way, as judged by photocrosslinking, with folding in other parts of the structure being relatively insensitive to the destabilizing effect of Tris-borate.
An even-more-expanded state in Tris-borate
Extensive prior work has shown that equilibrium folding of the catalytic core of the bI5 group I intron proceeds via formation of a collapsed state prior to reaching the fully folded native state. As judged by site-directed cross-linking, the global structure of the collapsed state RNA is essentially indistinguishable from that in the native state (11) . The collapsed state is sufficiently relaxed such that the entire RNA backbone is accessible for cleavage by solvent-based hydroxyl radical chemistry (9) (see collapsed state illustration in Figure 5) (19, 23) (Figure 5 ).
The site-directed cross-linking data ( Figure 4 ) demonstrate that the Mg 2+ -induced folding pathway observed in Tris-borate is identical to that observed in Hepes/KCl once the MgCl 2 concentration reaches 1 mM (emphasized with parallel thin lines for Tris-borate and Hepes/KCl buffers in Figure 5 ). In the absence of Mg Figure 4C ). The amplitude of the even-more-expanded state to expanded state transition (Mg 1/2 = 0.14 mM) is so large as to obscure the apparently smaller transition from expanded to collapsed state (Mg 1/2 = 3.6 mM). The even-more-expanded state, selectively detected at low Mg 2+ concentrations in Tris-borate, is emphasized by the dashed line in Figure 5 .
Destabilization of RNA folding by Tris-borate
Two general classes of mechanism are consistent with the observation that Tris-borate is less able to stabilize RNA folding than Hepes/KCl. First, Tris-borate forms a bulky pseudosix-membered ring ( Figure 1 ) (12) that may be less able to neutralize charges on the RNA backbone or bind at specific ion sites than the more compact potassium ion. Second, borate anions form stable adducts with carbohydrate hydroxyl groups (17) and also form complexes with nucleic acids, likely via base amino or phosphate oxygen groups (18) . Direct adduct formation with borate would compete with the formation of native RNA base pairing and tertiary interactions. Independent of the mechanism, the experimental observation is that use of Tris-borate has an unanticipated effect on RNA structure and folding at low Mg 2+ concentrations (Figures 3 and 4B ) and that Tris-borate by itself is a poor counterion for RNA. In the case of the bI5core RNA, the poor ability of Tris-borate to stabilize RNA folding means that Mg 2+ -dependent folding must overcome a new structural barrier ( Figure 5 ). Use of Tris-borate should be carefully evaluated prior to using this buffer as a standard state for RNA folding studies.
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